ABSTRACT. Metallothioneins (MT) are low molecular weight proteins that are important in providing protection against heavy metals such as cadmium. Other precise physiologic roles for this family of proteins are less clear, but fetal hepatic cell proliferation and differentiation may be regulated through changes in MT levels and attendant MT-mediated regulation of zinc levels. The role of MT in other developing tissue, most notably lung, is far less clear. Although expression of MT has been reported to be extremely low in early postnatal and mature lung, we hypothesized that MT has a more ubiquitous role in organ development and that pulmonary MT levels may be elevated during periods of rapid lung growth. Thus, we studied expression of MT in late-gestation fetal lambs. Sheep are particularly useful because alveolarization of lung parenchyma occurs before birth (by d 120 of a normal 1474 gestation). Immunoreactive MT was localized to bronchial epithelium of fetal, newborn, and mature sheep. The intensity of staining was greatest in the 1304 gestational age (saccular) lung, where positive reaction product was noted in the cytoplasm and nucleus of alveolar epithelial and interstitial cells. We next evaluated MT expression in developing lung tissue using Northern blot analysis and 32P-cDNA probes against the 3'-untranslated regions of mRNA encoding each of four known functional sheep MT (sMT) isoforms. Expression of sMT-11, sMT-Ia, and sMT-Ib was restricted to the saccular stage (120-132 d gestational age), and sMT-Ic mRNA was not detected in pulmonary samples from any stage of development. In contrast, all mRNA isoforms were expressed in fetal and newborn liver and at levels considerably greater than lung. These data show that pulmonary MT gene expression is apparent in the saccular stage of lung development when considerable remodeling of lung parenchyma occurs. In addition, an organ-and age-specific expression of MT mRNA isoforms in developing sheep lung and liver was noted for the first time, suggesting that MT isoforms may play specific roles in organ development. MT are small (approximately 7 kD), cysteine-rich (approximately 30 mol %) metal-binding proteins (1, 2). All vertebrates have two isoforms of MT, MT-I and MT-11, based on elution profiles from diethylaminoethyl columns. In humans (3) and sheep (4), several subisoforms have been identified by chromatography and genes encoding these isoforms have been sequenced. Although precise physiologic roles for members of this multigene family remain unknown, it has been suggested that one major function of MT is to affect intracellular metal ion homeostasis (1, 2, 5,6). MT are the major zinc-binding proteins of cells, and thus indirect regulation of numerous biologic processes that involve zinc metalloenzymes (i.e. differentiation, proliferation, energy metabolism, transcription, and antioxidant systems) is highly likely. These possibilities underscore investigations of the regulation of MT expression in developing liver (7-10) in which MT has been hypothesized to protect liver against toxic levels of zinc (1 1) or provide zinc during critical periods of hepatocyte proliferation and differentiation (12).
ABSTRACT. Metallothioneins (MT) are low molecular weight proteins that are important in providing protection against heavy metals such as cadmium. Other precise physiologic roles for this family of proteins are less clear, but fetal hepatic cell proliferation and differentiation may be regulated through changes in MT levels and attendant MT-mediated regulation of zinc levels. The role of MT in other developing tissue, most notably lung, is far less clear. Although expression of MT has been reported to be extremely low in early postnatal and mature lung, we hypothesized that MT has a more ubiquitous role in organ development and that pulmonary MT levels may be elevated during periods of rapid lung growth. Thus, we studied expression of MT in late-gestation fetal lambs. Sheep are particularly useful because alveolarization of lung parenchyma occurs before birth (by d 120 of a normal 1474 gestation). Immunoreactive MT was localized to bronchial epithelium of fetal, newborn, and mature sheep. The intensity of staining was greatest in the 1304 gestational age (saccular) lung, where positive reaction product was noted in the cytoplasm and nucleus of alveolar epithelial and interstitial cells. We next evaluated MT expression in developing lung tissue using Northern blot analysis and 32P-cDNA probes against the 3'-untranslated regions of mRNA encoding each of four known functional sheep MT (sMT) isoforms. Expression of sMT-11, sMT-Ia, and sMT-Ib was restricted to the saccular stage (120-132 d gestational age), and sMT-Ic mRNA was not detected in pulmonary samples from any stage of development. In contrast, all mRNA isoforms were expressed in fetal and newborn liver and at levels considerably greater than lung. These data show that pulmonary MT gene expression is apparent in the saccular stage of lung development when considerable remodeling of lung parenchyma occurs. In addition, an organ-and age-specific expression of MT mRNA isoforms in developing sheep lung and liver was noted for the first time, suggesting that MT isoforms may play specific roles in organ development. (Pediatr Res 32: [424] [425] [426] [427] [428] [429] [430] 1992) Abbreviations MT, metallothionein sMT, sheep metallothionein g.a., gestational age MT are small (approximately 7 kD), cysteine-rich (approximately 30 mol %) metal-binding proteins (1, 2). All vertebrates have two isoforms of MT, MT-I and MT-11, based on elution profiles from diethylaminoethyl columns. In humans (3) and sheep (4), several subisoforms have been identified by chromatography and genes encoding these isoforms have been sequenced. Although precise physiologic roles for members of this multigene family remain unknown, it has been suggested that one major function of MT is to affect intracellular metal ion homeostasis (1, 2, 5,6). MT are the major zinc-binding proteins of cells, and thus indirect regulation of numerous biologic processes that involve zinc metalloenzymes (i.e. differentiation, proliferation, energy metabolism, transcription, and antioxidant systems) is highly likely. These possibilities underscore investigations of the regulation of MT expression in developing liver (7) (8) (9) (10) in which MT has been hypothesized to protect liver against toxic levels of zinc (1 1) or provide zinc during critical periods of hepatocyte proliferation and differentiation (12) .
In contrast to expression in liver, little is known regarding expression of MT in developing lung (1 3). Whole lung MT levels are detectable in I-d-old rats and then decrease rapidly (within days) to very low adult levels (14, 15) . Adult rat MT levels are not detectable with an immunohistochemical technique (16) , and localization of MT mRNA with in situ hybridization techniques shows limited amounts of transcripts restricted to chrondrocytes and interstitial cells (perhaps fibroblasts) in newborn rabbit lung ( 17) .
As a first approach in establishing a role for MT in developing lung, we studied the immunocytochemical localization of MT expression in lungs of lambs representative of the glandular, canalicular, and saccular periods of fetal development. Because all existing polyclonal antibodies including the one used in our study (18) fail to discriminate among MT isoforms, we then studied expression of mRNA of four sMT isoforms in developing lung using cDNA probes with minimal cross-hybridization (19) . We report that bronchial epithelium of animals of all ages expressed immunoreactive MT, with additional significant MT associated within the cytoplasm and nucleus of alveolar epithelial and interstitial cells of the saccular (130-d g.a.) lamb. Steadystate mRNA of sMT isoforms Ib and I1 (and to a lesser extent, sMT-Ia) were readily detectable in lungs of fetal lambs (126 to 132 d g.a.), whereas expression of all four isoforms of MT mRNA in liver was measurable in much greater quantities than in lung. 
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Small blocks of tissue were fixed by immersion in 4% (para)formaldehyde, cryoprotected in 30% sucrose in phosphate buffer, and snap frozen in liquid nitrogen. Frozen sections were cut on a Reichert-Jung (Cambridge Instruments, Boston, MA) 2800E cryostat and mounted on poly-L-lysine coated glass slides. Sections were blocked in 2% goat serum in PBS for 30 min before applying purified polyclonal rabbit anti-MT at a dilution of 1:20 in PBS and incubating overnight at 4'C. Control sections were incubated with similarly diluted antibody that had been preincubated with 1: 1 mixture of rabbit liver MT-I and -11 (Sigma Chemical Co., St. Louis, MO), each at a concentration of 1 mg/ mL. Primary antibody was generated by immunizing rabbit with rabbit liver MT. Immunoreactivity was confirmed by ELISA. Antisera was then purified by MT-conjugated sepharose 4B column. Sections were rinsed in PBS and incubated in biotinylated goat anti-rabbit IgG at a dilution of 1 :200 in PBS for 1 h at room temperature. After several rinses, the sections were incubated in extravidin-peroxidase at a dilution of 1:20 for 1 h at room temperature. Substrate solution was then added, which consisted of a freshly prepared 1 : 1 mixture of an aqueous solution of urea-peroxide and I mg/mL solution of 3,3'diaminobenzidine tetrahydrochloride in 0.1 M acetate buffer, pH 6.0. Color development was terminated by washing with PBS. The sections were counterstained in Mayer's hematoxylin, mounted in Permount (Biomedica Corp., Foster City, CA) and viewed in a Nikon Mikrophot photomicroscope.
RNA preparation. RNA was isolated by the single-step method of Chomczynski and Sacchi (20) from lung and liver parenchyma of fetal (79 to 140 d g.a.), newborn (4 d old), and two maternal sheep. Briefly, tissue was homogenized at room temperature in a denaturing solution containing 4 M guanidinium isothiocyanate and RNA was extracted in a phenol/chloroform mixture. After precipitation of RNA with isopropanol, the pellet was washed with 75% ethanol and solubilized in 0.5% SDS. Absorp tion of RNA was determined at 260 and 280 nm.
Northern blot hybridization and analyses. Analysis of sMT isoforms and 8-actin mRNA levels was performed according to a modification of the method of Church and Gilbert (21) . A small aliquot of total RNA (10 pg) was precipitated in ethanol and dried via vacuum centrifugation (SpeedVac Concentrator, Savant Instruments Inc., Farmingdale, NY). The sample was resuspended in loading buffer (formamide, 3-(N-morpho1ino)propane sulfonic acid buffer, formaldehyde, diethyl pyrocarbonate water, ethidium bromide, 50% glycerol, EDTA, and bromophenol blue) and heat (65"C), 10 min denatured. Samples were then subjected to 1.0% agarose gel electrophoresis. After assessing the integrity of the fractionated RNA by UV illumination of ethidium bromide staining, the RNA was transferred from the gel to GeneScreen (Dupont, Cambridge, MA) via capillary action and cross-linked to the filters by UV radiation. The previously described (19) cDNA probes for sMT-Ia, sMTIb, sMT-Ic, and sMT-I1 were for the 3' untranslated region of mRNA and were generously provided by J. Mercer (Victoria, Australia). Hybridization was performed in 50% formamide, 0.25 M NaHP04 (pH 7.2), 0.25 M NaCI, 1 mM EDTA, 100 pg/ mL denatured salmon sperm DNA, and 7% SDS at 42°C overnight with approximately 1 x lo6 cpm probe/mL hybridization buffer. GeneScreen filters were washed six times: two times in NaCl/sodium citrate and 0.1 % SDS, twice in 25 mM sodium phosphate, 1 mM EDTA, and 1% SDS, and twice in 25 mM sodium phosphate, 1 mM EDTA, and 1% SDS, all at 50'C. cDNA probes encoding sMT or @-actin [pHF beta A-1 (22)J were radiolabeled with a-32P-cytidine 5'-triphosphate by random primer extension (23) with Klenow fragment (Boehringer Mannheim) to a sp act greater than lo9 dpm/pg.
Hybridization signal. The hybridization signal for 10 pg total RNA was determined by scanning densitometry (LKB Ultrascan XL, Piscataway, NJ) of autoradiographic exposures (Kodak XOmat AR film plus Dupont Cronex intensifying screen, -70°C) of the hybridized filters. The signal area associated with previously reported sizes of transcripts for MT was determined by integration with LKB 2400 GelScan XL software. The ratio of mRNA signal to the 8-actin mRNA signal was calculated. Occasionally, blots would be allowed to develop for longer periods to allow detectable levels of less abundant signals to be apparent. In these cases, comparisons within the same blot (developed on two different occasions) were normalized to lanes of RNA whose signal was within a linear range. The filters were stripped after each hybridization by treating them with 5 mM EDTA and were rehybridized to either sMT or 8-actin probes. The above procedure was done on several occasions with similar results regardless of the sequence in which the filters were stripped.
Cross-hybridization of MT cDNA probes via Southern analysis. To assess the degree of cross-hybridization of the various cDNA probes under the above conditions, we performed Southern blot analysis of restriction reactions of the various MT isoform plasmids. Briefly, plasmids BP-1/64, SSE-1/64, SEP-2/64, and Sh 33/65 (19) were digested with Hind111 and EcoRI to release respective inserts. The products were fractionated on a 1.8% agarose in Tris-borate EDTA gel and transferred to GeneScreen according to the manufacturer's instructions. Hybridization was performed in 30% formamide, 10% dextran sulfate, I X Denhardt's at 47' C overnight with 1 x lo6 cpm/mL of 32P-cDNA sMT for 15 min and then the GeneScreen filter was washed three times in 0.2 sodium chloride sodium citrate, 0.1 % SDS at 47°C for 1 h. Autoradiographs were developed for brief periods (1 2 min) to estimate relative cross-hybridization signals.
RESULTS
The morphology of the lungs was representative of all phases of pulmonary development from pseudoglandular to saccular/ alveolar (Fig. 1) . At 85 d g.a. (Fig. 1 A) , the lung was typically pseudoglandular with an unorganized mesenchymal stroma transected by large bronchioles and many small putative airways lined by cuboidal, nonciliated epithelial cells. The canalicular stage was represented at 1 12 d g.a. (Fig. I B) . Saccular/alveolar morphology was already evident at 130 d g.a. (Fig. 1 C) , when distal air spaces resembled those of the newborn (Fig. 1 D) . At all ages, the epithelium of airways of all sizes and the medial smooth muscle of accompanying arteries exhibited positive 3,3'-diaminobenzidine tetrahydrochloride reaction product. The distribution of reaction product was greatest at 130 d g.a., when staining within the parenchyma was more intense than at any other age and could be resolved within the cytoplasm and nucleus of alveolar epithelial and interstitial cells (Fig. 1 E) . In the newborn (Fig. ID) and adult (not shown), parenchymal staining was virtually absent, but immunoreactive MT was still localized in bronchiolar epithelial cells. Preabsorption of diluted antibody with MT-I and MT-I1 markedly reduced or completely eliminated staining at all ages (Fig. 1 F) .
Northern blot analysis for expression of mRNA for four sMT isoforms (and pactin) was performed, and results for liver and lung are shown in Figures 2 and 3 , respectively. All four isoforms of sMT were readily detectable in hepatic tissue (Fig. 2) of lambs of all ages studied. The sizes of the transcripts were in good agreement with a previous report (19) . In contrast to expression in liver, there was no detectable expression of any sMT isoform in either early (79 d g.a.), late (140 d g.a.), or postnatal (4 d and mature) lung (Fig. 3) . In saccular lung (I 20-I32 d g.a.), however, there was detectable expression of sMT-11, sMT-Ia, and sMT-Ib but not sMT-Ic. Differences in organ-and age-specific expression of sMT mRNA were not readily accounted for by differences in the amount of RNA because pactin mRNA levels were similar between ages within lung (Fig. 3E) and liver (Fig. 2E) .
The results of normalization of sMT mRNA expression to @-actin are presented as a composite in Figure 4A- . . .. -, include: I ) readily measurable levels of hepatic expression of in the form of zinc fingers. Recent work (25) suggests that apoMT mRNA for all isoforms of MT with lack of detectable levels of can affect transcriptional function of zinc finger proteins such as sMT-Ic (Fig. 3C ) in lungs of all ages studied; 2) pulmonary Spl and TFIIIa. Most studies have focused on a role for MT in expression of detectable levels of sMT-Ia (Fig. 4A) , sMT-Ib (Fig. hepatic development because liver is the major site of MT 4B), and sMT-I1 (Fig. 4 0 ) mRNA in the saccular period of lung synthesis and metal metabolism. If MT has a ubiquitous role in development; and 3) hepatic expression of detectable levels of the cell proliferation and differentiation (12), we hypothesized sMT-lb and sMT-I1 10-40 times greater than pulmonary expres-that elevated levels of MT would be apparent during critical sion in the same age animal and sMT-Ia 100-300 times greater periods in extrahepatic organ development. In the present study, in liver than lung. Cross-hybridization of the subisoform cDNA we reported detectable expression of MT genes in lung of fetal was between 0 and 1 1 % as determined by Southern blot analysis lambs during the transition between canalicular and saccular (Fig. 5) . development ( 120-132 d gestation). In addition, we reported for the first time interorgan (lung and liver) age-specific differences DISCUSSION in expression of MT isoform mRNA. Because expression of MT isoforms is known to be controlled differently in various mamRequirements for zinc in organogenesis has underscored an malian cells (26) , potential isoform-specific functions are likely. interest in MT in developmental biology (24) . It is now obvious Previous immunohistochemical studies failed to identify MT that zinc has a major structural role in transcriptional proteins in mature rat lung (l6), and in situ hybridization techniques also
revealed only sparse MT mRNA in newborn rabbit lung (17) . Others have shown that, except for a modest elevation immediately at birth, MT protein measured in whole lung homogenates from rat is also very low (14, 15) . The current study extends these postnatal observations to sheep in that there was no detectable expression of MT mRNA in 44-old or mature lung (Fig.  3) and immunolocalization of MT was limited to bronchiolar epithelium of newborn (Fig. 1D ) and mature sheep. Lung development occurs appreciably earlier in sheep than in either rat or rabbit (27) . Transition to the saccular stage does not occur until term in rat or rabbit, whereas it is noted at around 120 d g.a. in sheep. Thus, we hypothesized that expression of MT may be more readily detectable in fetal lamb lung. We detected expression of sMT-11, sMT-Ib mRNA, and sMT-Ia in lungs from fetal lambs (Figs. 3 and 4 ) of 120-132 d gestation. Concordant with this expression was significant positive immunolocalization of MT to bronchial epithelium and vascular smooth muscle as well as moderate to heavy degrees of staining within the lung parenchyma of 130-d g.a. lamb (Fig. 1 C) . Parenchymal reactivity could be resolved within alveolar epithelial cells and interstitial cells and was present in both cytoplasmic and nuclear locations (Fig. IE) . Detection of extensive immunologic reaction product throughout lung parenchyma in the saccular lung is consistent with the detectable level of mRNA expression in this stage of development. Thus, the temporal expression of MT mRNA (Fig. 4 ) and the cellular (and subcellular) localization of its protein product ( Fig. 1 C and E) provide significant correlative documentation that MT participates in remodeling of lung during fetal development. Interestingly, pulmonary MT expression has been induced by exposure of mature and newborn intact animals to high oxygen (17, 28) or oxidizing agents such as tert-butylhydroperoxide, paraquat, and 3-methylindole (29) , suggesting that MT may also be part of an acute lung injury response. Induction of MT during high oxygen is associated with increased expression in pulmonary fibroblasts, type I1 cells, and alveolar macrophages (17, 28)-cells that are critically involved in remodeling. It is less clear why we failed to detect expression of MT mRNA in the 7 9 4 g.a. lung (Fig. 3) , whereas there was detectable immunoreactive product in the 85-d g.a. lung (Fig. 1A) . It is likely that the compartmentalization of MT antigen to bronchiolar epithelium precluded detection of mRNA from whole lung parenchyma at this stage of development. It is also possible that translational efficiency was greater in the earlier aged fetal lung, providing greater protein per mRNA; such a change in translational efficiency has been reported in developing sheep liver ( 1 1 ).
The mechanisms underlying regulation of MT expression in lung remain unclear. A recent report regarding regulation of MT expression in fetal sheep liver (1 1) has discounted a role for glucocorticoids. Paynter et al.
(1 1) hypothesized that intrahepatic zinc levels may regulate ovine MT expression in a physiologic attempt to maintain free zinc levels below potential toxic levels. Because copper levels are quite low in lung (and liver) of developing sheep (30) , this particular metal is not a likely candidate for intrapulmonary MT regulation. Because relative hypomethylation of DNA may also upregulate MT expression, it is possible that such changes may have occurred during lung development. It also remains to be determined why there is an apparent isoform-specific expression within developing lung. In this regard, although we cannot directly compare isoform expressions quantitatively, we are left with the impression that hepatic sMTIb was detectable within the limits of expression of hepatic sMT-I1 and sMT-la (Figs. 2 and 4) or sMT-I1 in lung (Figs. 3 and 4) . This is in contrast to the low abundance of sMT-Ib in mature sheep liver noted by Peterson and Mercer (19) and presumably represents an intrastrain or environmental difference between sheep reared in Australia and those reared in the United States.
In summary, detectable levels of expression of MT mRNA and protein were noted during the saccular stage of lung development in sheep. In addition, MT isoform specificity was noted at the mRNA level, inasmuch as only three of four isoforms measured were detectable by Northern blotting. Expression of fetal pulmonary MT mRNA was one to two orders of magnitude less than expression of MT mRNA in liver, the presumptive major site of MT biosynthesis. Nonetheless, its discrete pattern of expression and its localization to epithelial and interstitial cells (including nuclear staining) of the parenchyma of the saccular lung suggest a role for MT during significant alveolar remodeling.
